M eningioMas are common benign tumors that arise from the meninges and account for 13-26% of primary intracranial neoplasms. 13 Due to advances in neuroimaging 12 and the widespread performance of neurological checkups (routine screening for brain diseases), 28 meningiomas have increasingly become an incidental finding on imaging studies. Because of their benign nature, most such lesions are cured surgically; 13 however, the risk of death and surgical complications (especially in elderly patients) cannot be neglected. 12 The treatment strategy for IDMs therefore remains controversial. 21 Because the population of Japan is aging rapidly and meningiomas are sometimes found incidentally in the elderly, deciding on the best treatment for these lesions is becoming more important. 16 Several authors have already investigated the natural history of IDMs and have identified various factors as predictors of tumor growth; these factors have differed from report to report, however. 5, 7, 12, 21, 27, 31, 32 In some reports, tumor growth was evaluated only by considering the change between the initial and final lesion size during the follow-up period. Annual growth rate 5, 21, 32 and tumor doubling time, 21 used as growth parameters, were also calculated considering only the change between the initial and final volume, based on the assumption that tumors essentially grow exponentially. However, whether all IDMs grow at the same rate over the long term remains unclear, as shown in the variable growth patterns exhibited in their natural histories. 22 In this study, we performed serial volumetric assessments throughout the follow-up period in patients with IDMs and investigated the growth patterns of these lesions by regression analysis.
Methods

Volumetric Analysis of Tumor Size
Tumor size was evaluated volumetrically using Scion Image for Windows software (Scion Corp.), as previously reported. 21, 22 The enhanced area of tumor in each slice image was measured by manual tracing of the tumor boundaries, and the sum of the enhanced areas was multiplied by the slice interval of the MR imaging series. One investigator (T.H.) performed all volumetric assessments. With this volumetric method measurement errors were possible, caused by the manual tracing and the use of MR images with relatively thick slice intervals, resulting in invalid tumor size evaluations. A preliminary study was undertaken in 10 patients with well-demarcated brain tumors (Cases A-J) to assess the error in volumetric measurement contributed by using MR images with relatively thick slice intervals. Each tumor volume was evaluated volumetrically using 2 axial contrast-enhanced MR images with slice thicknesses of 0.7 and 6.0 mm. The volumes obtained were termed TV0.7 and TV6.0; the ratio of TV6.0 to TV0.7 was then calculated in the 10 cases. Another potential source of error in this study was the use of manual tracing; this is addressed in the design of our main study in 70 asymptomatic patients with meningiomas.
Patient Selection
Seventy-seven patients (13 men and 64 women) received incidental diagnoses of intracranial meningioma based on MR images obtained between 1993 and 2005 at Osaka University Hospital. None of these patients underwent treatment. We reviewed the patients' records and judged whether they were totally asymptomatic or had any symptoms that could be attributable to the lesion. Meningiomas were diagnosed on imaging studies based on the presence of an extraaxial mass with broad-based attachment along the dura mater or with attachment to the choroid plexus in the ventricles, which was homogeneously and markedly enhanced by contrast medium, as previously described. 32 Of 77 patients, only the 70 who underwent MR imaging at least 3 times over a period longer than 1 year were included in this study. The results of serial MR imaging studies and the patients' clinical characteristics, such as sex, age, and length of follow-up were reviewed.
The first author (T.H.) and at least 1 of the coauthors evaluated the following radiological characteristics on MR images or CT scans: signal intensity on T2-weighted images, presence of calcification, presence of peritumoral edema, status of tumor-brain border, and tumor shape. Signal hyperintensity was classified in comparison with gray matter intensity. Calcification and peritumoral edema were evaluated on plain CT scans or MR images. Brain-tumor border status was assessed according to the presence of a cerebrospinal fluid layer on T2-weighted imaging. Tumors with a distinct surrounding rim were considered to have a clear border, whereas tumors without a distinct rim or those only partially without it were considered to have an ambiguous border. Tumor shape was classified as either smooth or irregular. So-called "mushrooming" tumors and tumors with fringes or a lobulated appearance were considered irregular.
Hyperintensity on T2-weighted images, the presence of peritumoral edema, an ambiguous tumor-brain border, and irregular tumor shape have already been reported to be correlated with the proliferative potential of meningiomas, 1, 15, 24 while the presence of calcification has been reported to correlate negatively with it. 23 Tumor volume was measured 3 times at each followup using volumetry to control for any measurement errors caused by manual tracing. The mean volume and SD were calculated for each evaluation. In this study, axial series of contrast-enhanced MR images were principally used, except in a few cases, with a slice interval ranging from 4.8-6.5 mm. For accurate evaluation of change in tumor volume, the slice intervals on follow-up MR images were unified when possible in each case. When the slice interval of an MR imaging series differed from those of other series by > 1 mm in 1 case, the series was excluded from analysis.
Evaluation of Pattern of Growth by Regression Analysis
In each case, the tumor volume calculated at each follow-up examination was plotted on time-volume coordinates. Based on a comparison of the final with the initial lesion volume, the patients were divided into 2 groups according to tumor growth: a growth group and a no-growth group. Regression analysis was performed for the growth group data. Growth curves were fitted to both exponential growth and linear growth, as previously reported. 22 Regression coefficients were calculated for each regression analysis and examined for statistical significance. If the growth curve fit both exponential and linear curves, the tumor was categorized according to the curve with the larger R 2 value, in the previously reported manner. 22 In each case in which pattern of growth fit either exponential or linear growth, the tumor doubling time was estimated by each regression equation. The annual growth rate in each case was also calculated as the percentage of the average annual volume increase from the initial volume. Subsequently, correlations between radiological characteristics and tumor growth or between radiological characteristics and patterns of growth were examined statistically.
Regression analysis and other statistical analyses such as Fisher exact test, Mann-Whitney U test, and the chi-square test for independence were performed using Statview statistical software (Statview version 5.0; SAS Institute, Inc.). Probability values < 0.05 were considered significant.
Results
Patient Population
The mean age of the 70 included patients was 61.6 years (range 28-83 years), and there were 9 men and 61 women with an initial mean tumor volume of 10.4 cm ). The mean follow-up period was 39.3 months (range 12-123 months). The most common reason for the initial radiological study was screening in response to nonspecific complaints such as mild headaches, dizzi-ness, and nausea in 42 patients (60.0%). Discovery during follow-up for other diseases (such as cancer, syncope, and transient ischemic attacks) was the next most common, in 16 patients (22.9%). In each of these patients, the initial complaint and reason the first imaging study was obtained were reviewed and compared with the detected tumor, and a decision was made as to whether the tumor was the cause of the symptoms. The lesions were detected on voluntary brain checkups in private clinics (not covered by insurance) in 9 patients (12.9%). In 3 patients (4.3%) other reasons unrelated to the lesion such as tinnitus, bilateral hand numbness, and transient syncope were given.
Convexity meningiomas were the most common lesion found, accounting for 27 tumors (38.6%). Falx meningiomas were found in 11 patients (15.7%), parasagittal meningiomas in 9 (12.9%), ventricular meningiomas in 6 (8.6%), sphenoid ridge meningiomas in 4 (5.7%), clinoidal meningiomas in 3 (4.3%), and other locations in 10 (14.3%). Patient clinical characteristics were almost the same as those reported in previous studies of the natural history of IDMs. 5, 7, 27, 31, 32 Volumetric Analysis and Tumor Growth Table 1 shows the TV0.7, TV6.0, and TV6.0/TV0.7 values obtained from imaging performed in the 10 patients in our preliminary study conducted to test our volumetric measuring technique. The TV6.0/TV0.7 value tended to be larger in smaller tumors, and was < 1.15 in all 10 cases; therefore, a tumor volume change of < 15% can be considered a measurement error caused by wide MR image intervals. The TV0.7 values were closer to the actual tumor volume because the 0.7-mm-slice interval is so much thinner. The mean initial lesion volume in the 70 patients was 10.4 cm 3 (range 0.63-69.2 cm 3 ). After measuring a tumor's volume 3 times at each follow-up, the mean volume and the SD were calculated. The percentage obtained by multiplying the ratio of the SD to the mean volume by 100 tended to be larger in the smaller tumors and smaller in larger tumors (Fig. 1 ). These percentages were < 7.5% for all tumors.
Based on the results of our preliminary study and the measurements we obtained in triplicate at each followup, volume changes < 15% were considered no change and increases > 15% were considered evidence of growth. Forty-four patients were included in the growth group and 26 patients were included in the no-growth group. Figure  2 shows the time course of the volume changes in the 26 tumors without obvious tumor growth.
Determination of Growth Pattern of Asymptomatic Meningiomas by Regression Analysis
The results of regression analysis in the 44 patients with tumor growth are shown in Table 2 . Of the 44 tumors, 16 followed an exponential growth pattern, and 15 fit a linear growth pattern. Figures 3 and 4 show the time course of tumor volume increases in the 16 tumors with exponential growth and the 15 tumors with linear growth patterns, respectively. Tumor doubling times in these 31 cases are also shown in Table 2 , and ranged from 13 to 234 months (mean 93.6 months). The average annual growth rate was calculated by dividing the volume of tumor growth by the follow-up in years; the ratio of average annual growth to initial volume was defined as the annual growth rate in the 31 cases ( Table 2 ). The mean annual growth rate was 25% in the exponential growth pattern group, and 15% in the linear pattern group.
The other 13 tumors did not fit either growth curve either because the regression coefficients were not statistically significant or because R 2 was < 0.85. The serial changes in tumor volumes in illustrative cases of exponential (Fig. 5) or linear (Fig. 6 ) growth, or no growth (Fig. 7) are shown.
Clinicoradiological Characteristics and Tumor Growth or Growth Pattern
The results of statistical analysis of the clinicoradiological characteristics are shown in Tables 3 and 4. Table  3 shows the results of comparison between the growth and no-growth groups, while Table 4 compares the data from the exponential and linear growth pattern groups.
The presence of calcification was the only radiological characteristic which significantly discriminated the nogrowth from the growth group. Sex, initial tumor volume, and age did not differ between the 2 groups (Table 3 ). There were no significant differences between the exponential and linear growth pattern groups in any of the radiological characteristics investigated. The presence of calcification was more frequently observed in lesions that followed a linear growth pattern than in those following an exponential pattern (p = 0.05). The presence of peritumoral edema was observed only in lesions that followed the exponential growth pattern (p = 0.12), although in neither group was the difference statistically significant (Table 4) .
There were no significant differences between the growth and the no-growth groups or between the exponential and linear growth pattern groups (data not shown) with regard to tumor location. Neither a skull base versus non-skull base location nor a falx versus parasagittal location were significant factors discriminating between any of the groups. 
Clinical Course
Two patients, a 69-year-old man (Case 9), and a 57-year-old woman (Case 15), underwent surgical removal because their tumors had clearly increased in size. Both tumors showed an exponential pattern of growth on regression analysis, and the estimated tumor doubling times were 13 and 38 months, respectively, which was relatively short among the estimated tumor doubling times of the 31 tumors. The patient in Case 9 was diagnosed with an atypical meningioma, and the patient in Case 15 harbored a meningothelial meningioma. Immunohistochemical examination with MIB-1 antibody, used as a marker for tumor proliferative potential, 6 was performed in each specimen, and the staining index was calculated as previously reported. 9, 17 The staining index in these 2 patients was 5.8 and 9.0%, respectively, which is relatively high for meningiomas.
19 Figure 5 demonstrates the serial changes in tumor volume and the histopathological characteristics of the lesion extracted in Case 9.
One 76-year-old woman (Case 1) underwent stereotactic radiosurgery because continued tumor growth required treatment and resection was ruled out on the basis of her age. In her case the tumor doubling time was 24 months, which is considered short for meningiomas. The other 67 patients continue to undergo routine follow-up, and none have become symptomatic.
Discussion
Due to advances in neuroimaging 12 and the widespread practice of neurological checkups, 28 meningiomas are increasingly being detected incidentally. In Japan brain screening with CT and MR imaging is easily performed for nonspecific complaints, and "brain checkups" are also performed with more frequency. 16 In the present study most of the tumors were detected incidentally on such studies, and this trend is likely to continue.
Several authors have investigated the natural history * CP = cerebellopontine; exp = exponential; nor = growth patterns fit neither pattern; NS = not statistically significant; S = statistically significant. of IDMs, 5, 12, 21, 25, 27, 31, 32 but the definition of "incidentally detected asymptomatic meningiomas" remains unclear.
In the present study we followed the lead of other authors in judging what constitutes an IDM. 21, 27 Because the effects of meningiomas on neurophysiological functioning has been studied recently, 30 further discussion should be held on the best way to define IDMs.
In previous studies of the natural history of IDMs, there are no standard criteria for evaluating tumor volume and radiological judgment of growth. 5, 12, 21, 25, 27, 31, 32 In early studies, the largest tumor diameter was used to quantify tumor size. 25, 27 Although this method may be useful for judging treatment response to adjuvant therapies such as radiotherapy and chemotherapy in glial tumors, it has been reported that commonly used methods (determination of the largest diameter or the product of 2 or 3 largest perpendicular diameters) are not accurate 4, 10, 18 in assessing the slight changes in size of benign tumors such as meningiomas, because the shape of these lesions, especially at the cranial base, is complex and tumor growth in any direction that is not along the axis of measurement can be missed. 21 Volumetry appears to reflect tumor size more accurately than measuring diameter because it is applicable to irregularly shaped tumors and can cope with changes in tumor size in any direction. 29 Because it is regarded as more accurate, volumetry has been used to evaluate lesion size in recent studies. 21, 22, 32 In these studies, volumetric assessments were performed using MR imaging series with relatively thick slice intervals in the range of 2.0-8.0 mm, although the accuracy of volumetry using MR images with thick slice intervals has not been discussed.
In the present study, we evaluated the accuracy of volumetry by testing the potential measurement errors. Possible errors include measurement error from manual tracing of the tumor or errors caused by the thick slice intervals in MR imaging. Our preliminary study in 10 cases showed that volumetry with MR images at 6.0-mmslice intervals had acceptable accuracy for evaluating tumor volume, although it tends to overestimate the real tumor volume. Because the slice intervals of the MR images used in our main study ranged from 4.8-6.5 mm, the results of evaluation of tumor volume are considered relatively accurate.
We evaluated another possible measurement error in the main study and found that the calculated SD corresponded to < 7.5% of the tumor volume in all the tumors. In the preliminary evaluation of potential measurement errors derived from slice intervals, we also found that a change in tumor volume of < 15% can be considered a measurement error. After controlling for the 2 types of measurement errors, we set the cutoff line for tumor growth at 15%. In previous reports, other criteria used to judge whether the tumor did or did not grow have included any measurable growth, 25, 27, 31 the relative annual growth rate, 5, 21 and the absolute annual growth rate. 21, 32 In these previous reports, however, the possibility of the measurement error was not thoroughly examined. Few authors have investigated the growth patterns of IDMs. In previous studies of the natural history of these lesions, tumor doubling time and annual growth rate were used as parameters to determine tumor growth, 5, 21 and were calculated only by estimating the initial and final volumes during the follow-up period based on the assumption that the tumors grew exponentially. In the present study, serial monitoring of tumor volumes and regression analysis revealed that IDMs did not always grow exponentially, but also followed other growth patterns. Nakasu et al. 22 also investigated the growth patterns of meningiomas, including recurrent and symptomatic lesions, and suggested that 3 growth patterns existed: exponential, linear, and no growth. We obtained similar results in the present study in our relatively large series of IDMs. This finding suggests that the tumor doubling time or annual growth rate calculated by observation over a short period of time may not predict the growth potential and natural history of tumors over the lifetime of the patient. We have indicated the annual growth rate for both the exponential and linear growth pattern groups because yearly growth rates are thought to be clinically useful information. However, we must emphasize that in the lesions that followed a linear growth pattern, the yearly growth rates may change over time. Tumor cell kinetics is complex and its relationship to tumor volume has yet to be clarified, especially in meningiomas. In some cases, a lesion's growth curve fit well with both patterns by regression analysis, and the R 2 value in each regression equation was close (Table 2) , which has also been reported previously. 22 Because meningiomas basically have slow growth rates, the growth curves may fit linear growth patterns in the early phase even if the tumors are in fact growing exponentially. By observing lesions for longer periods, the question of growth pattern may be settled more clearly.
Thirteen of the 44 tumors that grew exhibited neither an exponential nor a linear pattern of growth ( Table 2) . The relatively short follow-up period may have been one of the reasons for this, since the regression coefficients were not statistically significant for some tumors due to the brevity of the follow-up period despite a high R 2 value on regression analysis. Measurement error in volumetry was also considered another reason for this in small tumors, because tumor volume was somewhat influenced by measurement error.
Fitting the growth curves only to linear and exponential patterns of growth may raise some questions. The authors of various studies have assumed that tumor growth is exponential or linear, 11, 20, 21 and we made the same assumption in our analysis in the present study. However, because this assumption about tumor growth has not been proven yet, the validity of dichotomizing the tumor growth patterns in this manner should be assessed further. In previous in vivo and in vitro studies, the Gompertzian model of growth was widely and successfully used as a simple yet adequate descriptor of tumor growth curves. 3, 8, 26 The growth behavior described in the Gompertzian model is exponential in the early stage, but then becomes linear and finally approaches a plateau as tumor size increases (Fig. 8) . 2 If meningiomas grew in this fashion over the lifetime of the patient, they would exhibit various patterns of growth according to the phase in which they are monitored, as suggested by Nakasu and colleagues. 22 In the present study, the median initial tumor volume in the exponential pattern group was smaller than that in the linear pattern group, which may support this hypothesis. Unfortunately, we could not test this hypothesis because we were unable to observe the tumors from the time of their initial appearance. Testing this hypothesis will require following tumor volume for as long as possible.
We previously reported that the presence of peritumoral edema, loss of peritumoral rim, and irregular tumor shape were correlated with high proliferative potential. 9 In the literature, atypical and anaplastic meningiomas are more common on the falx and lateral convexities than elsewhere, 14 and it has also been reported that tumors of the skull base have significantly higher proliferative potentials than those not in proximity to the skull base. 1 We did not find tumor location to be statistically significant in the present study. Hyperintensity on T2-weighted images was positively correlated with tumor growth while the presence of calcification correlated negatively with tumor growth in asymptomatic meningiomas. 25, 31 Of these radiological characteristics, only the presence of calcification significantly discriminated between the no-growth and growth groups. In addition, the presence of calcification was more frequently observed in the linear growth group than in the exponential growth group.
Conclusions
Our findings suggest that the natural course should be more carefully followed in lesions that follow an ex- ponential growth pattern or do not show calcification. Serial volumetric assessments are useful for determining the natural history of IDMs and enabling the accurate calculation of growth rates, and thus can contribute to decision-making in the treatment of these lesions.
